On the basis of known equations for calculating X-ray diffraction intensities from a given number of unit cells of a crystal phase in polycrystalline material, as due to: (i) Bragg reflections; (ii) average diffuse scattering caused by thermal plus first-kind disorder; and (iii) incoherent scattering, a relationship has been found that ties, in the Rietveld analysis, the Bragg scale factor to a scale factor for 'disorder' as well as incoherent scattering. Instead of fitting the background with a polynomial function, it becomes possible to describe the background by physically based equations. Air scattering is included in the background simulation. By this means, the refinement can be carried out with fewer parameters (six fewer than when a fifth-order polynomial is used). The DBWS-9OO6PC computer program written by Sakthivel & Young [(1990), Georgia Institute of Technology, Atlanta, GA, USA] has been modified to follow this approach and it has been used to refine the crystal structures of the cubic form of Y203 and of ~-AI203. Peak asymmetry has been described by a function based on an exponential approximation. The results from refinements using polynomial physically based background function are, in terms of final structural parameters and reliability indices, very close to each other and in agreement with results reported in the literature. The reconstruction and optimization of the background scattering by means of physically based equations helps the implementation in the Rietveld code of other possible specific diffuse scattering contributions, such as that due to an amorphous phase.
Introduction
In the Rietveld structure refinement of polycrystalline materials from X-ray diffraction powder data, the background scattering is usually fitted with polynomials of a suitably high order (usually up to the fifth order). In this and the following paper (Riello, Fagherazzi, Canton, Clemente & Signoretto, 1995) , in which we determine the degree of crystallinity of some semicrystalline materials, we have developed a Rietveld-analysis code for the calculation, on a physical basis, of the three most important background scattering components: air scattering, incoherent scattering and average diffuse scattering due to thermal disorder plus first-kind lattice disorder. The last contribution is expressed through a formula that takes the average isotropic atomic displacements into account (Warren, 1969; Sabine, 1980; Gehrke & Zachmann, 1981; Von Dreele, Jorgensen & Windsor, 1982; Schneider, 1988; Polizzi, Fagherazzi, Benedetti, Battagliarin & Asano, 1990; Suortti, 1993) . Fluorescence effects can be generally neglected when a suitable X-ray tube target and a diffracted-beam monochromator are used. We have not included the contribution of the structured thermal diffuse scattering components that can be computed (Warren, 1969; Suortti, 1967 Suortti, , 1993 only for very simple structures for which Rietveld refinement may not be important. We preferred to test our approach on two fairly complex structures: an yttrium sesquioxide powder (cubic form), the crystal structure of which has been determined from single-crystal neutron diffraction data (O'Connor & Valentine, 1969) , and an ~-A1203 (corundum) powder, for which basic structural parameters can be found in the text of Hyde & Andersson (1989) .
The Rietveld-refinement results obtained by our with: approach were compared with corresponding ones KBragg from a refinement in which the background was fitted ~, by a fifth-order polynomial, all the remaining conditions being equal. ]F,I z program (Sakthivel & Young, 1990) , which is an updated version of that of Wiles & Young (1981) , was O, modified in such a way that the theoretically defined X-ray diffuse scattering components could be inserted and taken into account in the optimization routine, H,i through a relationship that ties the Bragg scale factor to a scale factor for 'disorder' as well as incoherent scattering. In the following paper, the procedure is extended to semicrystalline materials by the inclusion of intensities from an amorphous phase, suitably scaled, based on experimental intensities from a pure amorphous specimen. For the moment, the modified program does not take account of the short-rangeorder scattering due to noncrystalline substances (see Richardson, 1993) or to nonstoichiometry [modulated diffuse scattering, as shown by Schneider (1988) in the case of NaTI]. As a matter of fact, our main purpose was to derive a general mathematical expression for the background scattering from a polycrystalline material, to which scattering due to an amorphous phase can be added in order to determine the degree of crystallinity in semicrystailine materials (see Riello A~ et al., 1995) . In principle, all specific types of diffuse L, scattering contributions caused by static disorder, as well as the structured thermal diffuse scattering peaks from acoustic phonons, could be included in the procedure proposed here by adding other specific q~ terms to the background expression, suitably scaled ybk to the total number of scatterers. Note that, although the equations and formulas reported here have been developed for X-ray powder diffraction, most of the general considerations, as well as many of the previously cited papers, relate also to neutron diffraction.
Theory
Many excellent papers have described and discussed Rietveld analysis (Rietveld, 1969) as applied to X-ray powder diffraction patterns (see, for example, Hill & Madsen, 1987; Hill & Howard, 1987; Bish & Howard, 1988; Hill, 1991 Hill, , 1992 Young, 1993) . Therefore, the general theory underlying this methodology is well known and is reviewed here only as required to explain our specific approach. The X-ray intensities, Yci, diffracted at the ith step of the 20 diffraction angle, have been calculated by means of the following equation, which can, in the present computer program, be extended up to a mixture ofeight crystalline phases: I20.H,,A,L.~( 20, --20.) Ii "c l~oh Bragg scale factor sum taken over all n reflections that contribute at the same ith step squared structure factor for the nth reflection; it includes the Debye-Waller factor correction factor for the preferred crystal orientation [we used the March-Dollase function (Dollase, 1986) ] correction function for peak asymmetry. Here we modified the Sakthivel & Young (1990) program by using the following semi-empirical approximation:
where K n is a constant to be fitted, 20, is the peak maximum and FWHM is the full width at half-maximum of the nth reflection. This function is properly normalized and does not give misfits due to truncation effects. Like the classical Rietveld asymmetry function, this function depends on one fit parameter so the Sakthivel & Young (1990) program could be modified easily correction factor for absorption contains the Lorentz, polarization and multiplicity factors; the polarization factor also takes the reflection from the graphite monochromator into account normalized profile function (pseudo-Voigt) background function, fitted at the ith step with a fifth-order polynomial in the standard code and calculated as follows in our modified Rietveld code (Riello, Clemente, Fagherazzi & Canton, 1993 ):
variable in reciprocal space scale factor for the incoherent scattering scale factor for diffuse scattering due to thermal and first-kind lattice disorder independent incoherent scattering at the ith step, corrected by the polarization factor, by the BreitDirac factor, by specific absorption effects and by the bandpass function of the monochromator used in the diffracted beam (Ruland, 1961 (Ruland, , 1964 . independent coherent scattering at the ith step, corrected by the polarization factor; it is given by Z-. I 2 k global disorder parameter used in the description of the diffuse scattering due to both thermal vibration and first-kind lattice disorder (Ruland, 1961 ; Gehrke & Zachmann, 1981) . This parameter, relating to uncorrelated and isotropic atomic displacements (Warren, 1969) , is equal to B/2, where B is the overall average isotropic thermal factor. When the isotropic thermal factor Bj for eachjth atomic species in the unit cell is taken into account, (3) has to be generalized accordingly.
yair air scattering contribution to the background, based on a fitted scattering calibration curve, then corrected for the presence of the specimen as well as for the air trapped inside the specimen, according to Ottani, Riello & Polizzi (1993) .
Both Ii "c and /coh intensities concern all atoms of Ai the unit cell. The Ii n~ were computed by using the analytical expressions and the relevant parameters published by Smith, Thakkar & Chapman (1975) . icoh were computed on the basis of analytical approximations to the atomic scattering factors of y3+ and Ai 3÷, published in International Tables for X-ray  Crystalloyraphy (1974; Table 2 .28, p. 100), and parameters for the atomic scattering factor of O zfrom a recent paper by Azavant & Lichanot (1993) . Now, Rietveld refinement involves the calculation of the integrated intensities followed by the normalization to unit area of the profile functions. Starting from the power P' per unit length of diffraction circle and taking into account the expression for the peak area above the background (Warren, 1969) , which has to be properly compared with (1), it is possible to obtain for g Bragg, g inc and K dis the following expressions (Bragg-Brentano reflection geometry):
with:
proportionality constant depending on counter efficiency primary-beam intensity primary-beam cross-sectional area linear absorption coefficient of irradiated sample classical square radius of electron receiving-surface-sample distance (goniometer radius) wavelength of the characteristic radiation used unit-cell volume volume fraction of the crystalline phase under study width of the receiving slit length of the receiving slit.
Therefore, for each crystalline phase in the sample the following relationship holds:
(KBragg/Kinc) = (KBragg/Kdis) = 180 ~.3/(167~21/c). (6) The same result can be obtained for neutron diffraction starting from the basic equations published by Sabine (1980) . These constraints represent the basis of our modified version of the Sakthivel & Young (1990) program. Moreover, we have imposed another physical constraint by using the same B (or B~) thermal factors to describe the decrease in crystalline peak intensities as well as the increase in diffuse scattering caused by 'disorder' (of which thermal diffuse scattering is usually the main component). This last constraint was also suggested by Suortti (1993) , who, however, proposed to fit the diffuse scattering contribution by iterative procedures. K inc, K dis and B (or B j), and therefore y.bk, are automatically refined in our Rietveld code, together with all the structural parameters relevant to the crystalline phase under study. In this way, our optimization routine requires six fewer parameters than are needed in the procedure in which a fifth-order polynomial is used to fit the background. It is worth noticing that other authors have suggested using an average thermal-diffusescattering background in the Rietveld analysis (Von Dreele, Jorgensen & Windsor, 1982; Schneider, 1988) , but as an analytical function, completely adjustable by the fit procedure, added to a suitably defined polynomial. The present procedure avoids the strong correlations that occur among the parameters when the background is described by a polynomial. When several phases are present, it becomes possible to attribute to every phase its own 'disorder' and incoherent background contribution. These results are particularly important for determining the degree of crystallinity of semicrystalline materials.
Experimental technique

Materials
The powder sample of Y203 examined, produced by Rh6ne-Poulenc (Courbevoie, France), was composed of the cubic (base-centred-cubic) form of yttrium sesquioxide and had a 99.99% purity. The ~-A1203 powder was produced by ALCOA (Pittsburgh, PA, USA) and had a 99.5% purity.
X-ray apparatus
For both polycrystalline materials, the same experimental conditions were employed. The patterns were recorded at 295 K for 20 from 13 to 140 ° with step size 0.02 ° . The X-ray sample holders had the following dimensions: 25 x 15 x 2 mm. In order to minimize preferred orientation, the powders were gently pressed into the holder. The X-ray powder diffraction data were collected (10 s step -l) with a Philips vertical goniometer PWI050/70 (BraggBrentano parafocusing geometry) and a Philips PW1394 and PW1390 diffractometer-controlled system and electronics, using nickel-filtered Cu Ks radiation (30 mA, 40 kV), a focusing graphite monochromator on the diffracted beam and a proportional counter with electronic pulse-height discrimination. A divergence slit of 0.5 ° and a receiving slit of 0.2 mm were used. The correction factor for asymmetry was applied up to 39 ° in 219. No correction was necessary for preferred orientation. The weights in the minimization formula were set as wi = 1/Yoi.
Methodology test cases: the structure refinement of Y203 and ¢z-A1203
(1) Y203
The crystal structure of the C form of Y203 was determined by O'Connor & Valentine (1969) by neutron diffraction from a single crystal. Y203 crystallizes in the cubic system, centrosymmetric space group la3. Eight y3 + ions occupy the special Wyckoff positions 8(b) (¼, ~, ¼) (Y1), while the remaining 24 occupy the sites 24(d) (u, 0, 1¼) (Y2); the 48 O ions occupy the general Wyckoff positions 48(e) (x, y, z). Table 1 shows a comparison between the parameters we obtained from the Rietveld refinement.
Procedure I refers to the background calculated on a physical basis; procedure II to that calculated by a conventional fifth-order polynomial. The results by O'Connor & Valentine (1969) are also recorded (procedure III).
Convergence was assumed to have been reached when the last-cycle shifts relative to the e.s.d, were below 5%. No large correlation involving the structural parameters was found. Fig. 1 shows the output from the Rietveld analysis using our modified version of the Sakthivel & Young (1990) Table  2 with the Rietveld analysis performed by Hill & Madsen (1986) (5 s step-' and 0.02 ° step size).
The parameters obtained with polynomial background and physically based background are, as in the case of Y203, very close to each other and also close to the corresponding ones obtained by Hill & Madsen (1986) . Fig. 4 shows the output from the Rietveld analysis using our modified code. A suitable magnification of the best-fitted diffraction pattern is reported in Fig. 5 in order to compare the various diffuse scattering contributions calculated in our procedure (Fig. 5b) with the trend given by the polynomial background (Fig. 5a ). 
Concluding remarks
The modified Rietveld procedure based on a physically defined background scattering gives results practically equivalent to (or slightly better than, for the R B index) those from the conventional procedure for both the C form of yttria and corundum; therefore, our methodology can be considered as successfully tested. On the basis of these results, we can conclude that, if structured thermal diffuse scattering peaks could be appropriately modelled and incorporated in the framework of an absolute calculation of all scattering contributions, a further improvement in the precision in some parameters (especially the thermal parameters) might be reached in comparison with the classical Rietveld analysis with a polynomial background. The term describing the X-ray experimental structured scattering of the amorphous fraction of a semicrystalline material can be easily added to a physically defined background, provided the scattering pattern of the completely amorphous substance is available. Therefore, the present modified Rietveld code opens up a new approach for the determination of the degree of crystallinity in semicrystalline materials, as is shown in the next paper (Riello et al., 1995) .
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